The genome of Bacillus subtilis 168 encodes eight rap-phr quorum-sensing pairs. Rap proteins of all characterized Rap-Phr pairs inhibit the function of one or several important response regulators: ComA, Spo0F, or DegU. This inhibition is relieved upon binding of the peptide encoded by the cognate phr gene. Bacillus subtilis strain NCIB3610, the biofilm-proficient ancestor of strain 168, encodes, in addition, the rapP-phrP pair on the plasmid pBS32. RapP was shown to dephosphorylate Spo0F and to regulate biofilm formation, but unlike other Rap-Phr pairs, RapP does not interact with PhrP. In this work we extend the analysis of the RapP pathway by reexamining its transcriptional regulation, its effect on downstream targets, and its interaction with PhrP. At the transcriptional level, we show that rapP and phrP regulation is similar to that of other rap-phr pairs. We further find that RapP has an Spo0F-independent negative effect on biofilm-related genes, which is mediated by the response regulator ComA. Finally, we find that the insensitivity of RapP to PhrP is due to a substitution of a highly conserved residue in the peptide binding domain of the rapP allele of strain NCIB3610. Reversing this substitution to the consensus amino acid restores the PhrP dependence of RapP activity and eliminates the effects of the rapP-phrP locus on ComA activity and biofilm formation. Taken together, our results suggest that RapP strongly represses biofilm formation through multiple targets and that PhrP does not counteract RapP due to a rare mutation in rapP.
T he behavior of bacterial communities is often regulated by quorum-sensing (QS) signaling pathways. In these pathways, a secreted molecular signal accumulates in the environment and activates a cognate receptor at sufficiently high concentrations. Gram-positive bacteria frequently utilize peptides as QS signals (1) (2) (3) , thereby eliciting a variety of behaviors, including the secretion of various molecules (e.g., enzymes, antibiotics, surfactants, and exopolysaccharides [4] ), the initiation of developmental processes (such as sporulation and biofilm formation), and horizontal gene transfer through transformation or conjugation (5) (6) (7) .
Members of the Rap-Phr family of QS systems in the Grampositive model Bacillus subtilis are involved in the regulation of competence, sporulation, and biofilm formation. The chromosome of strain B. subtilis 168 encodes eight full receptor signal systems and three orphan receptors from this family (6, 8) . In each of the full systems, the phr gene encodes a prepeptide, which is secreted through the major secretory system and then further processed outside the cell, resulting in the formation of a mature penta-or hexapeptide signal (9) . The mature peptide is transported into the cell by the oligopeptide-permease (Opp) complex, where it interacts with its Rap targets within the cytoplasm (10) . All characterized Rap proteins contain two domains (10) (11) (12) , a tricopeptide repeat (TPR) domain that interacts with the signaling peptide and a second domain that functions either as a phosphatase or as a contact-dependent inhibitor of a response regulator. Rap proteins exert their activity only in the peptide-free form as binding of the signaling peptide leads to the inactivation of the Rap protein and to subsequent derepression of the response regulator.
Three response regulators have been characterized as targets of Rap proteins in the so-called laboratory or domesticated strain 168 and include Spo0F, ComA, and DegU. Spo0F, a component of the spo0A activation phosphorelay, is repressed by RapA, RapB, RapE, RapH, RapI, and RapJ. The spo0A pathway regulates multiple processes in the cell; most notably, sporulation is activated at high Spo0A phosphorylation levels, while biofilm formation requires lower levels of phosphorylation (13, 14) . Spo0A, through regulation of the transcriptional regulator AbrB and the sigma factor H , also controls the transcription of many of the phr genes from an internal promoter within the rap-phr operon (15) . The QS response regulator ComA was shown to be repressed by RapC, RapD, RapF, RapH, and RapK (16, 17) . ComA is an activator of many of the Rap proteins, thereby forming a complex regulatory network between the various QS pathways (18) . Finally, RapG represses phosphorylated DegU (DegUϳP) (19) , whose main functions are to promote the secretion of multiple enzymes and repress social motility (20) . Recently, it was hypothesized that a plasmid-borne Rap (specifically, Rap carried by plasmid pLS20 [Rap pLS20 ]) may also interact directly with an Xre-type plasmidborne repressor (21) .
The laboratory strain, B. subtilis 168, and its derivatives (in-cluding strain PY79 used in this work) have undergone multiple genetic changes during domestication from their ancestral strain, B. subtilis NCIB3610 (denoted 3610 in this work). These changes led to the loss of multiple phenotypes, such as the ability to produce an extracellular matrix and the surfactant surfactin, both necessary for biofilm formation (22) . The lab strain also shows an increased frequency of genetic competence compared to its ancestor, a feature that facilitates its genetic manipulation in the laboratory (23) . Currently, research dealing with biofilm formation in Bacillus subtilis has therefore shifted away from the domesticated strains such as 168 and its derivatives and is primarily focused on strain 3610, which is considered a more suitable representative of wild strains that display social phenotypes (24) . It should be noted that in terms of their biofilm-forming properties, there is a relatively small number of mutations that distinguish the undomesticated strain 3610 and the lab strains (25) . These include mutations in enzymes necessary for the production of exopolysaccharides and surfactin, as well as mutations in various regulatory proteins. An additional major difference between the lab strains and strain 3610 is that strain 3610 possess an 80-kb plasmid, termed pBS32, which is absent from the lab strains (26) . This plasmid is not found in other isolates of B. subtilis subsp. subtilis (27) , but a highly homologous plasmid, pLS32, which is found in a more distant strain of B. subtilis subsp. natto, has been analyzed and sequenced (28) . Notably, pBS32 has been shown to carry an additional rap-phr cassette, termed rapP-phrP, and RapP was specifically shown to contribute to the difference in biofilm-forming capabilities between strains 3610 and 168 (25) (Fig. 1) . Recently, it was shown that RapP functions as a phosphatase of spo0F in vitro. Furthermore, it was demonstrated in vivo that a rapP deletion affects the expression of direct targets of Spo0A. RapP was also shown to inhibit the transcription of the eps and srfA operons, whose gene products are responsible for the production of exopolysaccharides (eps) (29, 30) and the surfactant surfactin (srfA).
Both of these operons are regulated by numerous other regulators, and the experiments did not rule out the possibility that RapP affects these operons through other regulators. Finally, it was found that, unlike all other characterized Rap-Phr pairs, the effect of RapP on gene expression is not suppressed by the expression of its adjoining phrP signaling gene or by external addition of the presumed PhrP signaling peptides to the medium. It was observed, however, that weak suppression of RapP was achieved with the addition of the PhrH signaling peptide to the medium (29) . RapP is therefore unique among all Rap-Phr pairs in that it appears not to interact with its cognate PhrP peptide. It is therefore unclear what the function of phrP is and what features of the RapP system can explain this difference between rapP-phrP and other rap-phr pairs.
Here, we report the results of genetic analysis that examined three layers of regulation of the RapP pathway: (i) the transcriptional regulation of pathway, (ii) the effect on downstream targets, and (iii) RapP interaction with PhrP. We find that the transcriptional regulation of rapP-phrP is reminiscent of the transcriptional organization of other rap-phr pairs (31) and that rapP has an additional target beside Spo0F, which regulates the repression of srfA and eps in a ComA-dependent manner. Finally, we find that a highly conserved amino acid of the Rap TPR domain has been replaced in the rapP allele of strain 3610 (rapP 3610 ). Reconstitution of the consensus amino acid in RapP restored the interaction between PhrP and RapP and eliminated the effects of RapP on biofilm formation.
MATERIALS AND METHODS

Growth media.
Routine growth experiments were performed in LuriaBertani (LB) broth containing 1% tryptone (Difco), 0.5% yeast extract (Difco), and 0.5% NaCl. Most gene expression measurements were done using Spizizen minimal medium (SMM) containing 2 (22) . Media were solidified using 1.5% agar (Difco). The following antibiotics were used (concentrations): macrolides-lincosamides-streptogramin B (mls; 1 g ml Ϫ1 erythromycin, 25 g ml Ϫ1 lincomycin), spectinomycin (Sp; 100 g ml Ϫ1 ), chloramphenicol (Cm; 5 g ml Ϫ1 ), and kanamycin (Kan; 15 g ml Ϫ1 ). Isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma) was added to the medium when appropriate, at the concentrations indicated in the text and figure legends.
Strain and mutant construction. All of the strains used in this study are listed in Table 1 . Deletion of comA from the PY79 chromosome and its replacement with a chloramphenicol resistance cassette were performed through the long flanking homology PCR method (32) using the primers comA-P1, comA-P2, comA-P3, and comA-P4.
To generate inducible zba88::(P hs -rapP) and zba88::(P hs -phrP) constructs (where P hs is the hyperspank promoter), a PCR product containing the relevant open reading frame (ORF) was amplified using the hsRapP-F/hsRapP-R and hsPhrP-F/hsPhrP-R primer pairs. The PCR products were digested with NheI and SphI and ligated downstream of the hyperspank promoter of the pDR111 vector containing spectinomycin resistance (33) .
The construction of transcriptional fusions to yfp was performed by ComA is activated by the ComX~P QS system (blue) and directly controls the transcription of several operons, including the srfA operon. The exopolysaccharide (eps) operon is indirectly controlled by ComA. Spo0A, the master regulator of sporulation and biofilm formation, indirectly regulates the expression of the eps operon and of the phrP gene. Spo0F is part of the phosphorelay that activates Spo0A and is a known target of many Rap proteins. rapP of strain NCIB3610 encodes an atypical substitution that prevents its repression by the PhrP signaling peptide.
PCR amplification of the relevant promoter using 3610 genomic DNA as a template. To generate the promoter fusions, PCR fragments were amplified using the following primer pairs: P srf , Psrf-F/Psrf-R; P eps , Peps-F/ Peps-R; P rapP , PrapP-F/PrapP-R; P phrP , PphrP-F/PphrP-R; P rapA , PrapA-F/PrapA-R; P slrA , PslrA-F/PslrA-R; P slrR , PslrR-F/PslrR; P sinI , PsinI-F/ PsinI-R (Table 2) . After fragments were digested with the appropriate enzymes (purchased from New England BioLabs), they were ligated to the plasmid pDL30-3ϫYFP containing three copies of the yellow fluorescent protein (YFP) (34) . The resulting constructs were integrated into the amyE site on the chromosome using spectinomycin resistance for selection. Construction of sacA::(P rapP rapP-phrP Cm) and sacA::(P rapP rapP Cm) was performed by PCR amplification of the annotated rapP and phrP genes or of rapP together with 400 bp upstream of rapP using the primer pair rapP-phrP-F/rapP-phrP-R or rapP-phrP-F/rapP-R, respectively. The PCR products were digested with EcoRV and SphI and ligated into the sacA locus of pSac-cm.
A rapP gene encoding the T-to-N amino acid change at position 236 (rapP T236N ) was constructed by site-directed mutagenesis. The 5= phosphorylated primer pair rapP-phrP-TtoN-F/rapP-phrP-TtoN-R, in which the primers are adjoining but with reversed alignments, was designed to amplify the entire sacA::(P rapP rapP Cm)-containing vector and change the codon ACC (threonine) to AAC (asparagine). The PCR product was used for self-ligation and transformed to PY79 cells. All of the mutations and constructs were transferred to PY79 cells by transformation (35) and to 3610 by phage SPP1-mediated generalized transduction (36) . Integration of amyE integration plasmids into the zba88::amyE ⍀ Cm Kan strain was done in two steps. First, the plasmid was integrated into a PY79 strain carrying the zba88 construct and screened for an Amy ϩ phenotype. A genomic prep of the resulting strain was then inserted into other strains with selection for either Kan or Cm, depending on the genetic background of the integrated genome.
Biofilm formation assay. Bacteria were grown overnight in MSgg broth, diluted 1:100, and grown to an optical density at 600 nm (OD 600 ) of ϳ1.0. Five microliters of the culture was plated on MSgg agar, and the plates were incubated at 30°C for 72 h.
Peptide synthesis. A synthetic PhrP 5-mer peptide (NH 2 -DRAAT-COOH), PhrP 6-mer peptide (NH 2 -ADRAAT-COOH), and PhrH 6-mer peptide (NH 2 -TDRNTT-COOH) were purchased from GL Biochem (Shanghai, China) at Ͼ98% purity. Aliquots (10 mM) were prepared by resuspension of the lyophilized peptides in H 2 O and stored at Ϫ20°C.
Gene expression analysis. Flow cytometry was used to quantify gene expression at the single-cell level using a Beckman-Coulter Gallios system with a 488-nm laser. The cells were grown in SMM to an OD 600 of ϳ0.1, diluted by a factor of 10 6 in fresh SMM, and grown for about 20 h to the beginning of the exponential phase. Samples were taken at several time points, and the OD and YFP levels were measured. A minimum of 20,000 cells were analyzed for each sample. The results are presented as the mean YFP level of the population for a specific OD (calculated by interpolation from actual OD measurements) and the standard error of the mean. The results represent the average of at least three independent experiments. YFP levels are measured as a ratio between the measured strain and the autofluorescence of a wild-type strain. Autofluorescence of the wild type did not change by more than 5% at different stages of growth in SMM.
RESULTS
The transcriptional regulation of rapP-phrP in 3610 is similar to the regulation of other rap-phr pairs. We first examined whether the transcriptional regulation of the rapP-phrP operon reflects the unique independence of RapP from PhrP or whether it is similar to other rap-phr pairs. To this end, we cloned the regions immediately upstream of the rapP and phrP ORFs into the 3ϫYFP reporter plasmid and integrated each of the reporters separately into the amyE locus of strain 3610. The expression of each promoter was monitored in several genetic backgrounds (Fig. 2) . Expression of P rapP -3ϫYFP showed only a moderate increase as the cells approached the stationary phase ( Fig. 2A) . P rapP -3ϫYFP expression was slightly lower in a comA deletion background, suggesting a possible weak regulation by ComA. The phrP internal promoter reporter (P phrP -3ϫYFP) doubled its activity during transition from early log to stationary phase (Fig. 2B) . Promoter activity was markedly reduced in a ⌬spo0A background (Fig. 2B) . In order to gain further insight into the activation of P phrP -3ϫYFP by Spo0A, the expression of the reporter was monitored in strains carrying null mutations in sigH or abrB. As shown in Fig. 2B , the strain carrying a sigH deletion exhibited reduced expression while the strain carrying an abrB deletion showed an increase in expression levels.
The results shown in Fig. 2 indicate that the transcriptional regulation of the rapP-phrP locus resembles the transcriptional regulation of other rap-phr loci even though its activity does not depend on an interaction with PhrP.
RapP regulates the expression of comA-dependent genes in an spo0F-independent pathway. It was previously shown that RapP strongly represses the expression of the srfA promoter in strain 3610 (29) . Since srfA expression is modulated by multiple QS systems whose functions are not well characterized in strain 3610, we examined whether this repression is conserved when RapP is expressed in the genetic background of the lab strain PY79 in which QS is well characterized. The use of strain PY79 also allowed us to ignore interactions of RapP with plasmid-borne genes (as described with other Rap proteins [21, 37] ). In addition, the activity could be assessed without the indirect effects that surfactin may have on gene expression (38) . To this end, rapP together with its promoter was cloned into the sacA locus of PY79.
The rapP gene was also cloned together with its native ribosomal binding site downstream of the IPTG-inducible hyperspank promoter (P hs ) and subsequently integrated into an ectopic amyE locus positioned at 33°on the bacterial chromosome, as previously described (34, 39, 40) . To monitor srfA expression, we cloned the previously characterized (41) 560-bp promoter of the srfA operon in front of the 3ϫYFP reporter, which was integrated into the native amyE locus. The resulting P srfA -3ϫYFP reporter was then introduced into three strains, parent PY79 and the P hsrapP and P rapP -rapP strain backgrounds as described in Materials and Methods. Expression of rapP in strain PY79, either from its native promoter or from the hyperspank promoter supplemented with 10 M IPTG, led to an ϳ10-fold reduction in YFP levels ( Fig.  3B ; see also Fig. 5B ). While srfA transcription is strongly activated by ComA, there are several other transcriptional regulators that directly regulate this operon, and an interaction between RapP and any of these regulators may lead to the same observed effect. If RapP exerts its effect on the srfA promoter through the repression of ComA activity, we would expect to see other genes in the ComA regulon respond in a similar fashion. To check this hypothesis, we cloned the promoters of pel and rapA, two known direct targets of ComA (4), into the 3ϫYFP vector. We compared the expression of the srfA, pel, and rapA reporters in both the parental PY79 background and the inducible P hs -rapP background. The expression of all three genes was markedly reduced when expression of rapP was induced compared to the wild-type level ( Fig. 3A and B ; see also Fig . S1 in the supplemental material). Unlike the srfA promoter, the promoter of rapA has a strong residual expression in a comA null mutant background. We found that RapP had no effect on this residual expression (Fig. 3A) , demonstrating the epistatic interaction between RapP and ComA. These results suggest that RapP inhibits ComA activity, either directly or indirectly.
ComA activity is modulated in strain PY79 by Spo0A activity through Spo0A regulation of phrC and other phr genes (15) . If RapP repression of ComA activity is dependent on RapP-catalyzed dephosphorylation of Spo0F, we would expect that RapP would have no effect on ComA activity in an spo0A or spo0F null mutant. To explore this hypothesis, the P srfA -3ϫYFP reporter was introduced into strains carrying either the ⌬spo0A or ⌬spo0A P hsrapP genetic background, and YFP levels were compared. We found that in a ⌬spo0A mutant, P srfA -3ϫYFP expression was reduced 4-fold compared to that of the parental PY79 strain. YFP levels were further reduced 9-fold when RapP was induced in the spo0A null background (Fig. 3B) . We further verified that RapP inhibition of the P srfA -3ϫYFP reporter was independent of degU or of the combination of degU and spo0A (Fig. 3B) . These results clearly indicated that RapP has additional targets beyond Spo0F which mediate its inhibition of ComA activity.
Since strain 3610 differs from strain PY79 in multiple loci, the question arose as to whether the spo0A-independent effect of RapP on srfA activity could also be observed when these other mutations are taken into account. We therefore examined the epistatic interaction between spo0A and rapP in a derivative of strain 3610 that was cured of the pBS32 plasmid (strain DS2569). The same pattern of interactions was observed; namely, srfA expression in an a P hs -rapP ⌬spo0A background was significantly lower than expression in an spo0A null background (Fig. 3C) .
The eps operon is positively regulated by ComA, and this regulation is epistatic to rapP. It was previously shown that RapP strongly affects the biofilm phenotype of B. subtilis 3610 (25, 29) . In this regard it was reported that RapP regulates the expression of the eps operon, which encodes all structural genes needed for the production and secretion of the exopolysaccharide component of the biofilm matrix (29, 30) . To examine this regulation further, we constructed a P eps -3ϫYFP transcriptional reporter containing the 224 bp immediately upstream of the epsA open reading frame and introduced it into strain PY79. Flow cytometry was used to quantify gene expression at the single-cell level. When the cells were grown on minimal medium, the eps reporter was expressed in a bimodal manner (Fig. 4A) . In a small subpopulation of cells, YFP was expressed at levels approximately 15 times higher than the background level (the ON cell population), whereas the majority of the cells did not express significant levels of YFP (the OFF cell population). The fraction of ON cells increased over time, reaching about 20% of the total population several hours after the onset of the stationary phase (Fig. 4A) . Integration of the P hs -rapP construct into PY79 and its induction in the presence of 10 M IPTG did not significantly change the mean fluorescence levels of either the ON or OFF population. Instead, the fraction of the ON population was kept at a constant basal level of less than 10% of the population, without the significant increase in the fraction of ON cells observed in the stationary phase in strain PY79 (Fig. 4B ).
Since other RapP functions seem to be dependent on ComA (Fig. 3) , it is possible that ComA has a role in the observed dependence of the eps operon expression profile on RapP. Indeed, a comA deletion reduced the fraction of the eps ON population to that observed in the RapP-expressing strain (Fig. 4C) . Induction of RapP using the P hs -rapP in the comA null mutant background did not further reduce the frequency of ON cells (Fig. 4C ). These results demonstrate that bistability of the eps operon is modulated by ComA and that its interaction with RapP contributes to eps expression. These results do not rule out that RapP also affects eps expression through Spo0A.
The effect of RapP on sporulation is ComA independent. RapP has also been shown to affect genes directly targeted by Spo0AϳP (29) . We therefore examined the involvement of RapP and ComA in sporulation (Table 3) . We found that ComA had little effect on sporulation levels of strain PY79. On the other hand, sporulation levels were markedly reduced when P hs -rapP was introduced into strain PY79 or the PY79 comA null mutant strain, clearly demonstrating a ComA-independent role for RapP, in accordance with the direct interaction observed between RapP and Spo0F (29) . We note that in order for rapP to have an effect on sporulation, much higher levels of IPTG (1 mM) were required (A) Shown are the YFP expression levels of four strains carrying the P rapA -3ϫYFP reporter in the following backgrounds: wild-type PY79 (AES1419), P hs -rapP (AES1444), ⌬comA (AES1502), and P hs -rapP ⌬comA (AES1503). (B) YFP levels were measured in a PY79 P srfA -3ϫYFP background without (Ϫ) and with (ϩ) an IPTG-inducible rapP construct. The following genetic backgrounds are used: wild-type PY79 (AES1334), P hs -rapP (AES1379), ⌬spo0A (AES1472), ⌬spo0A P hs -rapP (AES1874), ⌬degU (AES1875), ⌬degU P hs -rapP (AES1606), ⌬degU ⌬spo0A (AES1876), and ⌬degU ⌬spo0A P hs -rapP (AES1877). (C) The experiment is the same as that described for panel B but in a background of a plasmid-free derivative of strain 3610. The following genotypes were used: the wild-type plasmid-free strain (strain AES1605), P hs -rapP strain (AES2472), ⌬spo0A strain (AES2436), and ⌬spo0A P hs -rapP strain (AES2437). All measurements were performed at an OD 600 of 1.5. All genetic backgrounds with the P hs -rapP construct were induced with 10 M IPTG. In this and the following figures, the difference between all pairs marked with an asterisk are statistically significant (t test, P Ͻ 0.05).
than those used to observe the effects of RapP on eps and srfA gene expression.
The rapP allele of strain 3610 carries a substitution in a highly conserved residue whose reversion reconstitutes interaction with phrP. It has previously been reported that repression by RapP is not alleviated by expression of the phrP gene or by exogenous addition of the candidate pentapeptide or hexapeptide signals (29) . This behavior is unique to the RapP-phrP system; all other characterized Rap proteins which have an adjoining phr gene in the same operon are affected by the corresponding signaling peptide (9) . The PhrP independence of RapP was retained when rapP and phrP were introduced into strain PY79. Moreover, overexpression of phrP had no effect on the RapP-dependent repression of srfA in strain PY79 (Fig. 5B) .
Highly similar rapP homologues are present in plasmid pLS32 and in the chromosomal genomes of B. subtilis subsp. spizizenii TU-B-10, B. vallismortis strain DV1-F-3, and B. atrophaeus strain 1942. By aligning these proteins, we noticed that the rapP allele of pBS32 in strain 3610 (here, rapP 3610 ) has an asparagine-to-threonine substitution at position 236, which results from an A-to-C substitution in position 707 of the gene (Fig. 5A) . Sequence alignment of all other Rap proteins of strain 3610 show that they contain asparagine in the homologous position (Fig. 5A) b Mean and standard error of sporulation efficiency for each strain. Statistics are based on 3 to 6 biological replicates for each strain. The difference between strains AES101 and AES1403 is not significant (P ϭ 0.36, two-sample t test). The difference between strains AES1444 and AES1503 is not significant (P ϭ 0.44, two-sample t test). The difference between strains AES1403 and AES1503 is significant (P ϭ 0.01, two-sample t test).
showed that asparagine is conserved in all of them (see Fig. S2 in the supplemental material). The threonine substitution is therefore a unique variant. Structurally, the homologous asparagines in RapF and RapJ have been shown to strongly interact with the backbone of the signaling peptide (11, 12) . More generally, asparagine residues typically mediate interaction with peptide backbone in other TPR domains (42) . In order to determine whether the N236T substitution rendered the RapP 3610 allele insensitive to PhrP, we used in vitro mutagenesis to introduce a threonine-to-asparagine substitution at position 236 of the P rapP -rapP 3610 construct. This allele, which we designate rapP T236N , was introduced into strain PY79 containing a P srfA -3ϫYFP reporter. This led to the same level of repression of P srfA -3ϫYFP expression as did the introduction of the rapP 3610 allele (Fig. 5B) , indicating that this change did not affect the activity of RapP in the absence of the phrP gene product. To determine whether introduction of phrP could derepress the RapP T236N allele but not the RapP 3610 allele, we introduced the phrP gene, driven by the P hs inducible promoter, into the different strains. The addition of this construct to the rapP 3610 -phrP strain had no effect on P srfA -3ϫYFP expression, irrespective of the level of IPTG used. On the other hand, the addition of the P hs -phrP construct to a strain containing rapP T236N restored P srfA -3ϫYFP expression to its wildtype levels, demonstrating full suppression of RapP T236N activity (Fig. 5B) . This derepression was also observed without the addition of IPTG, indicating that the leakiness of the hyperspank promoter produces a sufficient amount of signal to inhibit RapP N236T activity. T236N but not of rapP 3610 on P srfA -3ϫYFP expression. Shown are YFP expression levels of a P srfA -3ϫYFP reporter in strain PY79 with different backgrounds, where each genotype was measured with (ϩ) or without (Ϫ) a P hs -phrP construct. Genotypes are as follows: wild-type PY79 (AES1334), P hs -phrP (AES1477), P rapP -rapP 3610 (AES1380), P rapP -rapP 3610 P hs -phrP (AES1478), P rapP -rapP T236N (AES1678), and P rapP -rapP T236N P hs -phrP (AES1709). Expression was measured at an OD 600 of 1.5, and IPTG was added at 10 M when needed. (C) P srfA -3ϫYFP expression was monitored in a P rapP -rapP T236N (AES1678) background as a function of the concentration of the externally added peptides. Three peptides were tested for their ability to repress rapP T236N activity: the putative signaling peptides of PhrP (DRAAT or ADRAAT) and the hexapeptide signal of PhrH (TDRNTT).
The Phr signaling peptides are penta-or hexapeptides often derived from the C terminus of the Phr polypeptide (9) . The candidate PhrP signaling peptides are therefore DRAAT and ADR AAT. To quantify the activity of these peptides, we grew PY79 strains containing the P srfA -3ϫYFP reporter and either P hsrapP 3610 or P hs -rapP T236N in various concentrations of the two peptides (Fig. 5C ). YFP expression was restored to wild-type levels upon addition of a high concentration of either peptide to the strain carrying the rapP T236N allele, but for any given concentration, the hexapeptide showed higher activation than the pentapeptide. A significant increase in YFP expression levels was observed at peptide concentrations of 300 nM or higher, which is similar to the concentration that was reported for PhrG (19) but significantly higher than that of the PhrC signal, competence-and sporulation-stimulating factor (CSF) (6) . No effect was observed by addition of either peptide to the rapP 3610 strain or the addition of the PhrH hexapeptide to either strain (Fig. 5C ).
Biofilm and ComA phenotypes associated with the pBS32 plasmid are abolished in the rapP T236N background. As PhrP inhibits RapP at a high peptide density, we wondered whether the replacement of rapP 3610 with rapP T236N would render both biofilm formation and ComA activity independent of the plasmid pBS32. To this end, we compared the biofilm phenotypes of three strains: (i) strain DS2569, a plasmid-free version of strain 3610 (25, 26) ; (ii) strain AES1707 (3610 rapP T236N -phrP), where the rapP-phrP cassette was deleted from the pBS32 plasmid and the substituted rapP T236N -phrP cassette was inserted into the chromosomal sacA locus; and (iii) strain 3610. As shown in Fig. 6A , when the plasmid-free strain was plated on MSgg agar, its biofilm phenotype was highly similar to that of strain 3610 rapP T236N -phrP but markedly different from that of strain 3610.
We expect that the introduction of rapP T236N will also cancel the effect of RapP on ComA activity. To this end, a P srfA -3ϫYFP reporter was introduced into the three strains described above in order to monitor ComA activity. We found that YFP expression levels were identical in the plasmid-free strain and the 3610 rapP T236N -phrP strain. Both strains showed expression levels which were 6 times higher than the level in strain 3610 (Fig. 6B) . It should be noted that the P srfA expression profile in the plasmidfree strain was still markedly different from P srfA expression in the lab strain, PY79 (see Fig. S3 in the supplemental material), presumably due to additional mutations that distinguish the two strains (23, 25) .
DISCUSSION
The Rap-Phr system is prevalent in the B. subtilis and Bacillus cereus groups of Bacillus species. All characterized Rap-Phr pairs form quorum-sensing systems, with the Phr peptide inhibiting the function of its cognate Rap. In this regard, RapP represents a unique case in which the association between Rap and Phr does not occur. Here, we show that this unique behavior is due to an atypical substitution in a highly conserved residue within the TPR domain of RapP. The full conservation of the asparagine residue may suggest that the atypical mutation arose during the early stages of domestication of the strain. Since strain 3610 is the earliest known ancestor of a domesticated strain such as B. subtilis 168, it is impossible to validate the hypothesis.
The typical organization of the Rap-Phr pairs implies that the (43, 44) . The RapP 3610 allele does not obey this rule since it is not counteracted by PhrP, and therefore its deletion has a strong effect on biofilm formation and ComA activity. We therefore propose that the biofilm phenotypes of the RapP T236N allele and of the plasmid-free strain are more typical than the biofilm phenotype of strain 3610.
Combining our genetic analysis with previous analysis of RapP (29) suggests that RapP acts on several targets. It was previously reported that RapP is involved in dephosphorylation of Spo0F (29) . These biochemical results are in line with our finding that expression of RapP strongly affected sporulation efficiency (Table  3) . On the other hand, our genetic analyses (Fig. 3 and 4) indicate that the control of ComA activity by RapP is partially independent of Spo0F. While it is tempting to speculate that RapP directly interacts with ComA, previous attempts to observe such interaction were unsuccessful (29) . The identity of the second target of RapP, therefore, remains to be discovered.
We have also identified a positive regulatory effect of the QS master regulator, ComA, on the expression of the exopolysaccharide (eps) operon. This effect has been reported previously based on the analysis of microarray experiments (4). Using single-cell measurements, we find that ComA modulates the fraction of cells expressing the eps operon and not the level of expression. This indicates that ComA modulates the bistable positive feedback that governs the expression of biofilm-related genes (45) . It was previously reported that ComA controls the Spo0A phosphorelay through the production of surfactin and the latter's effect on the phosphorelay kinase KinC (46) . In addition, ComA has been shown to regulate biofilm formation through the activation of degQ (47) . Strain PY79 does not produce surfactin and has a hypomorphic allele of the degQ promoter, implying that both of these pathways probably do not explain our results. Importantly, we find that ComA is a weak modulator of eps expression (the deletion leads only to a factor of 2 effect in the frequency of eps ON cells). We would therefore expect this effect to vary with environment and genotype, reconciling conflicting reports about the importance of this locus to biofilm formation (38, 48) . It is important to note that RapP repression of the eps operon is probably mediated also by Spo0A.
Finally, many Rap-Phr systems have been shown to be encoded by mobile genetic elements (37) , in a fashion similar to the RapP-PhrP system. In the mobile integrative and conjugative element ICEBs1, RapI-PhrI-mediated QS was shown to facilitate horizontal gene transfer and to dephosphorylate Spo0F. In addition, Rap60 encoded on the plasmid pTA1060 has been shown to regulate degradative enzyme production, possibly by dephosphorylation of Spo0FϳP (49) . The sporadic occurence of plasmid pBS32 within the B. subtilis lineage implies that it is horizontally transferred, but the mechanism is unknown; therefore, it is yet unclear whether the RapPPhrP system has an impact on the plasmid's horizontal transfer. The possible functions of Rap-Phr systems in mobile genetic elements and how they influence the spread and symbiosis of these elements with their host remain important open questions, the answers to which are likely to shed new light on the function of this broad and diverse family of QS systems.
